Mendelian Resistance to Malaria
An example of infection shaping the human genome was provided by the discovery of Mendelian resistance to Plasmodium vivax (1, 2) . It is important to stress here that these studies concerned infection per se and not its manifestations ( Table 1) . As discussed in the companion paper (3), only a minority of infected individuals develop clinical disease, and an even smaller minority develop life-threatening disease in the course of primary infection. Moreover, not all exposed individuals become infected. In at least three cases, this phenomenon has been shown to be a Mendelian phenotype because of a well-defined monogenic genotype for a microbial receptor or coreceptor. Louis Miller carried out pioneering studies in this area. In 1976, he discovered that an autosomal recessive deficiency of the Duffy antigen and receptor for chemokines (DARC) in erythrocytes prevented the infection of these cells with Plasmodium vivax in vitro and the infection of individuals in vivo (1) . An elegant set of follow-up studies demonstrated that this resistance could be attributed to a single nucleotide mutation in the DARC promoter, preventing the binding of the transcription factor GATA-binding protein 1 (GATA1), which is required for DARC expression in the erythrocyte lineage (4) . Affected individuals express DARC normally in other cells. P. vivax infections are rarely lethal today, but the selective pressure exerted by this parasite may have favored the spread of this allele, which is more common in infested areas and is fixed in some African populations. These findings do not explain the pathogenesis of P. vivax malaria, but they do explain why some individuals are not infected despite repeated exposure to the parasite. They also show that a pathogen can favor the spread of a human allele conferring Mendelian protection against the pathogen concerned.
Other Forms of Mendelian Resistance to Infection
Another set of similar studies in 1996 explained why the HIV did not infect rare individuals in vivo, despite repeated exposure through sexual contact. The CD4 + T cells of these individuals were shown to be resistant to infection in vitro. An autosomal recessive chemokine (C-C motif) receptor 5 (CCR5) deficiency was rapidly identified in these subjects (5) (6) (7) . The most common mutation underlying this phenotype probably originated in Scandinavia, and the evolutionary forces driving its spread toward Southern Europe have remained elusive. The third and last case we will consider here is autosomal recessive fucosyltransferase 2 (FUT2) deficiency, which was discovered in 2003. Individuals with this deficiency are naturally resistant to diarrhea caused by noroviruses (8, 9) . This condition is typically benign in the developed world today but would have been potentially lifethreatening in ancient times, as it still is in developing countries. With these three examples, we have true genetic determinism that is autosomal recessive with complete or almost complete penetrance. The monogenic lesions prevent infection through a causal mechanism (i.e., lack of cell infection by a specific microbe).
Significance
The key problem concerning pediatric infectious diseases, and more generally clinical diseases during primary infection, is their pathogenesis. A plausible and testable human genetic theory of primary infectious diseases has recently emerged, building on elegant studies in plants and animals. Three examples of monogenic resistance to common infections have been discovered. Moreover, a growing range of monogenic single-gene inborn errors of immunity, rarely Mendelian (with complete clinical penetrance) but more commonly nonMendelian (with incomplete penetrance), have been found to underlie severe infectious diseases striking otherwise healthy children during primary infection. These findings provide a synthetic framework for inherited and infectious diseases and, more generally, for inborn and environmental conditions. These findings concern very large numbers of individuals and neatly illustrate the potential impact of Mendelian genetics at the population level. These findings have important biological implications, because these three sets of studies demonstrate the essential nature of a single specific gene for each infection. The clinical implications are equally important, because blocking these molecules in other individuals is a rational approach to prevention or therapy. It is surprising that this field has not blossomed. For almost all common microbes, seronegativity has been documented in at least a small proportion of the population, suggesting that there are naturally and perhaps genetically resistant individuals. The discovery of other forms of autosomal recessive resistance to infection by other microorganisms, especially common and virulent pathogens, would not be surprising.
Mendelian Susceptibility to Mycobacterial Diseases
We now can discuss the central theme of single-gene variants underlying heterogeneities in clinical outcome in infected individuals. Our work proceeded in two successive steps. We first focused on Mendelian infectious diseases, the mirror image of the aforementioned Mendelian forms of resistance. Indeed, from the 1940s onward, clinicians had reported rare infectious diseases displaying true Mendelian segregation (Tables 2 and 3 ). In the absence of detectable immunological abnormalities, these conditions were not considered to be primary immunodeficiencies (10, 11) . Our attention was drawn immediately to the cases of "idiopathic" disease caused by live bacillus Calmette-Guérin vaccines, which probably were described first in 1951 (12) (13) (14) . Patients selectively prone to clinical disease caused by environmental mycobacteria were reported later, when these mycobacterial species emerged as opportunistic agents in other settings (15) . The patients are selectively susceptible to weakly virulent mycobacteria and, more rarely, to other intramacrophagic pathogens, including Salmonella in particular (16) . The clinical association of disease caused by weakly virulent Mycobacterium and Salmonella is almost pathognomonic for this condition. Analysis of the frequently multiplex and/or consanguineous affected families suggested that these patients displayed Mendelian susceptibility to mycobacterial disease (MSMD) (15) . MSMD comprises a group of truly Mendelian conditions-monogenic disorders displaying complete or at least very high levels of clinical penetrance. The proportion of familial, as opposed to sporadic, cases therefore is high, at least in large kinships and kindreds. These patients were long considered to suffer from idiopathic infections, rather than primary immunodeficiencies, despite Mendelian inheritance, because there was no immunological phenotype segregating with disease.
Inborn Errors of IFN-γ Immunity
We thus searched for the genetic basis of MSMD by a combination of positional cloning and candidate gene approaches (Tables 3 and 4) . Michael Levin followed a similar approach in London. In 1996, we jointly reported the first genetic etiology of MSMD: autosomal recessive complete IFN-γ receptor 1 (IFN-γR1) deficiency (17, 18) . Over the next 20 y, we and others pursued this forward genetic approach and discovered a group of 17 inborn errors of IFN-γ immunity involving nine genes (19) (20) (21) (22) (23) . Some MSMD-causing genes control the production of IFN-γ; others govern its action. These nine MSMD-causing genes display high levels of allelic heterogeneity. However, these deficiencies display physiological homogeneity, because all defects impair IFN-γ immunity. Moreover, human IFN-γ immunity, as a quantitative trait, controls host defense against mycobacteria. The clinical features of MSMD depend strongly on the levels of IFN-γ immunity, being most severe in patients with complete IFN-γ deficiency (24) . The clinical implications of this work are obvious. These studies identified the genetic defects underlying these Mendelian infections, providing molecular genetic proof that mycobacterial disease could be Mendelian. The patients are treated with IFN-γ and antibiotics or by hematopoietic stem cell transplantation when the receptor is completely nonfunctional. The immunological implications are not negligible: These studies confirmed Carl Nathan's suggestion that IFN-γ is much more a macrophage-activating factor than an antiviral agent (25) . They also showed that the Th1 arm of CD4 + T cells (IL-12 being the Th1-inducing signature cytokine and IFN-γ the Th1 effector signature cytokine), which in inbred mice had been reported to control experimental infections with intracellular microbes, had a narrower spectrum of action in outbred humans in conditions of natural infection (with environmental mycobacteria) or iatrogenic infection (with the bacillus Calmette-Guérin vaccine). If IL-12 and IFN-γ are essential for the control of such a small range of microbes, which genes are essential for the control of other microbes? The genetic dissection of MSMD was the first study of Mendelian predisposition to a narrow, specific group of microbes, and it remains the most comprehensive study of this type. This work is continuing, because genetic etiologies have been identified for only about half the known MSMD patients.
A Neglected Connection: Neisseria and Complement
Before turning to other examples of Mendelian infections, I wish to discuss the case of complement, because it is interesting to try to understand why it did not play a more important role in the field ( Table 5 ). Mutations of genes encoding the terminal components of complement (C5-C9) or its activating protein properdin (encoded by the X chromosome) were described between 1993 and 1998 (26) (27) (28) (29) (30) (31) . A mutation in a gene encoding another activating protein, factor D, was first reported in 2001 (32) . Strikingly, these recessive defects underlie selective, late-onset, recurrent, and invasive disease caused by Neisseria (typically meningococcal meningitis). However, the discovery of these defects did not result from the identification of a familial predisposition The three phenotypes are autosomal recessive. Biallelic mutations underlie complete deficiency of any of these three microbial receptors or coreceptors. These deficiencies can be common, especially in areas where the corresponding infection can select the resistance genotype. Clinical penetrance (resistance to infection per se) is complete or almost complete. The infections and resistance genes are described in the text, as are the references. Mendelian infections (left two columns) can be broad (multiple infections) or specific (a single type of infection). Gene identification (right two columns) only corresponds to Mendelian infections to a specific infection. For mice and humans, a broad range of infections were associated with distinctive immunological phenotypes (asplenia for Dh and agammaglobulinemia for XLA), but no immunological phenotype was initially associated with Mx and EV. In plants, the inheritance of susceptibility/resistance to infection appears to be often specific for a particular pathogen. The resistance genes typically have been mapped for plants, and the plant species, rather than the resistance loci or pathogens, are indicated in the table. References are provided in the text.
to Neisseria in the absence of overt immunological abnormalities, as was the case for MSMD. Instead, impaired global complement activity in a sporadic case of Neisseria meningitis led to the discovery of defects in C6 and C8 activity in 1976 (33, 34) and, two decades later, to the identification of mutations of the C6, C8B, and C8A genes. Likewise, defective factor D activity was first reported in a sporadic case of meningitis in 1989 (35) , and the first causal mutation for this condition was described a decade later. C5 and C9 defects were first identified in 1976 and 1981, in a lupus patient and a healthy individual, respectively (36, 37) . Such defects then were detected in sporadic cases of Neisseria disease in 1979 and 1989 (38, 39) , leading to the discovery of C5 and C9 mutations. Only C7, properdin, and factor D deficiencies were first discovered in multiplex kindreds with Neisseria disease, in 1978 and 1982 (40, 41) . These studies, in turn, led to the study of other patients with Neisseria infections. In other words, kindreds with Mendelian infections caused by Neisseria had never been described in the medical literature as idiopathic or as having a Mendelian predisposition to Neisseria meningitis, probably because Neisseria was thought to be sufficiently pathogenic to cause disease by itself (despite the presence of this microbe in the nostrils of almost all children). These discoveries were not made through a genetic genome-wide approach or even through the testing of a genetic hypothesis by a candidate gene approach. Instead, they were based on the serendipitous observation of impaired total complement activity. Nevertheless, with hindsight, the defects of properdin, factor D, and the terminal components of complement are fascinating. These findings unambiguously demonstrate that mutations in any one of several genes controlling a common component of a major arm of immunity can manifest as invasive diseases caused by a unique type of common pathogen. Moreover, a significant proportion of children with invasive meningococcal disease have been found to display one or other of these complement defects (42) . However, these findings did not have as great an impact as the study of MSMD on the definition of candidate genetic architectures for infectious diseases, possibly because of the way in which they were obtained.
Epidermodysplasia Verruciformis
Epidermodysplasia verruciformis (EV) is a unique example in human genetics, immunology, infectious diseases, and oncology (Table 4) . EV is an exceedingly rare condition, as suggested by its having no common name, and it is undoubtedly unknown to most readers (43) . It is, however, arguably the most interesting condition, at least from a historical perspective, reviewed here. Patients with EV develop flat warts and other skin lesions in the first decade of life. From the age of 20 onward, these lesions tend to degenerate into nonmelanoma skin cancers. They are caused by a specific group of human papillomaviruses (HPV), the EVassociated oncogenic β-HPV (EV-HPV), which are harmless commensals of the general population. The detection of HPV-5 in EV cancers provided the first evidence of the oncogenic role of a papillomavirus in a human cancer (44) . The clinical manifestations of this disease were first described in 1922 (45), its genetic nature was described in 1933 (46) , and its viral cause was described in 1946 (47) . As such, EV should have been considered the first primary immunodeficiency. However, it was not, probably because EV patients displayed no detectable immunological phenotype. Not until 2004, 2 y after Gérard Orth and colleagues elucidated the first single-gene inborn errors underlying autosomal recessive EV-mutations of transmembrane channel-like 6 and 8 (TMC6 and TMC8) (48)-was this condition finally included, not without hesitation, in the international classification of primary immunodeficiencies (49, 50) . Ironically, mild immunological abnormalities that probably were more a consequence than a cause of EV were subsequently discovered in these patients (51) . The cellular and molecular mechanism of EV remains elusive, because the functions of TMC6 and TMC8 are largely unknown (52) . One plausible hypothesis is that the TMC complex governs cell-intrinsic immunity to oncogenic EV-specific HPV in keratinocytes. The search for new genetic etiologies of EV in patients without TMC mutations should help resolve this important issue.
X-Linked Lymphoproliferative Disease
A clinical description of a large kindred with X-linked recessive lymphoproliferative disease (XLP) was reported in 1974-1977 (53-56) , leading to the immediate recognition of this disease as a primary immunodeficiency (Table 4) (57) . Three distinct phenotypes in response to EBV infection were identified in maternally related males, providing a clear example of complete penetrance with variable expressivity: hemophagocytosis, lymphoma, and hypogammaglobulinemia. The three phenotypes were encompassed by the domain of immunology. However, they were the consequences of the inborn error and did not even correspond to an intermediate phenotype in the absence of EBV infection. Nevertheless, in contrast to the lack of recognition of EV, this triad was, paradoxically, considered relevant enough for the inclusion of this condition in the 1978 international classification of primary immunodeficiencies (57) . Three groups determined the first genetic basis of XLP in 1998 (58) (59) (60) . The disease-causing gene encodes signaling lymphocytic activation molecule-associating From the middle of the 20th century these infectious diseases were shown to segregate as Mendelian traits, with complete or nearly complete penetrance. They are listed in the order of their clinical description (left columns), which differs from the discovery of their molecular genetic basis (right columns). Resistance to the idea of Mendelian infections is best exemplified by EV, which was the first inborn error of immunity to infection to be described clinically but the last to be accepted as such by immunologists. It finally was accepted as an inborn error of immunity to infection in 2002, when its disease-causing genes were discovered. TMC6 and TMC8 are also known as EVER1 and EVER2. The field of primary immunodeficiency was born with the description of patients with severe infectious diseases that met most of these six criteria, reflecting the advent of antibiotics and the Mendelian cosegregation of infectious and immunological phenotypes (144) . The field evolved in numerous directions, with the description of a variety of noninfectious phenotypes caused by inborn errors of immunity. As far as infectious phenotypes are concerned, the paradigm shifted from 1996 onward, with increasing recognition that severe infectious diseases that did not fulfill these six criteria could be caused by novel types of primary immunodeficiencies. Mendelian infections (Table 5 ) are at variance from the initial paradigm for the first three criteria, whereas non-Mendelian monogenic infections are also at variance for the remaining three criteria (Table 6 ).
protein (SAP), an intracellular molecule expressed in T and natural killer (NK) cells. The pathophysiology of XLP was elegantly clarified more than a decade later through somatic genetic studies of heterozygous female and revertant male subjects (61, 62) . This somatic genetic approach to tackling the cellular basis of a germline disorder was very fruitful. SAPexpressing CD8
+ T cells were shown to be absolutely required for the control of EBV-infected B cells. Their absence explains the occurrence of two of the three B-cell phenotypes: polyclonal B-cell proliferation (precipitating hemophagocytosis via T-cell activation) and B-cell lymphoma. The third phenotype, B-cell exhaustion (hypogammaglobulinemia), may be caused by impaired CD4
+ T-cell function. The mechanisms governing the development of a particular exclusive phenotype in individual patients remain elusive (63) but may involve modifier genes or other factors. It is tempting to speculate that the viral inoculum plays a key role, with high viral load during primary infection leading to the most common phenotype (hemophagocytosis), intermediate inoculum levels being controlled at the cost of impaired maintenance of memory B cells (hypogammaglobulinemia), and lower levels of inoculum controlled with the elimination of a subset of EBV-infected B cells; surviving clones subsequently undergo transformation to become malignant (lymphoma). At any rate, XLP provides a fine example of a life-threatening infection or virus-induced cancer that also is strictly Mendelian. It paved the way for the discovery of other related recessive disorders, X-linked inhibitor of apoptosis (XIAP) deficiency and X-linked magnesium transporter 1 (MAGT1) deficiency, conditions that also often manifest clinically upon EBV infection (64) (65) (66) (67) .
Chronic Mucocutaneous Candidiasis
We also deciphered the genetic basis of another Mendelian "hole" in host defense, familial chronic mucocutaneous candidiasis (CMC), which was first described clinically in the late 1960s and early 1970s (Table 4) (68, 69) . Unexpectedly, whereas investigations of MSMD led us to defects of Th1 cells, our studies of CMC led to the discovery of mutations in another arm of the effector CD4 + T-cell response, Th17 cells. Rare MSMD patients with IL-12 receptor β1 (IL-12Rβ1) deficiency who also displayed CMC bridged the two conditions (70) . Patients with CMC display persistent or recurrent mucocutaneous infections with the commensal fungus Candida albicans. In multiplex families, the condition segregates as a recessive or dominant trait. Impaired IL-17A/F immunity in patients with autosomal dominant hyper-IgE syndrome or autosomal recessive autoimmune polyendocrinopathy syndrome 1, who display various phenotypes, accounts for CMC being common to them (71) . Following on from this discovery, from 2011 onward (72-74), we identified loss-of-function mutations of the IL17F, IL-17 receptor A (IL17RA), IL17RC, and actin-related gene 1 (ACT1) genes in patients with isolated CMC. Interestingly, patients with mutations of IL17RA and ACT1, who do not respond to IL-17E, are also susceptible to staphylococcal infections. More surprisingly, in about half the patients we also found gain-of-function mutations of STAT1 impairing the development of IL-17A/F-expressing T cells (75) . These patients also presented various other infectious and autoimmune features. Surprisingly, we identified biallelic mutations of RAR-related orphan receptor C (RORC) in patients with both CMC and mycobacterial disease (76) . RORC encodes the isoforms and transcription factors ROR-γ and ROR-γT, which govern Th17 development in mice. Therefore the occurrence of CMC in these patients was predictable, and indeed they have no circulating IL-17A/F T cells. However, their most severe phenotype is mycobacterial disease. In-depth studies revealed that RORC also controlled the production of IFN-γ by γδ T cells and by a newly described subset of memory CD4 + T cells, Th1* cells, which are particularly abundant among Mycobacterium-reactive T cells (77) . The genetic dissection of CMC led to the discovery that human IL-17A and F are essential for mucocutaneous immunity against C. albicans but otherwise are mostly redundant. These findings were at odds with the results obtained for the corresponding inbred mice, which were susceptible to a broad range of experimental infections. Clinically, studies of MSMD and CMC provided insight into the fundamental mechanism of mycobacteriosis and candidiasis in other settings, such as AIDS and immunosuppression: impaired IFN-γ and IL-17A/F immunity. These studies thus paved the way for immunotherapy with IFN-γ for patients with mycobacteriosis and with IL-17A/F or related cytokines for patients with candidiasis.
Invasive Dermatophytosis
Dermatophytosis is a banal superficial infection, commonly known as athlete's foot. In very rare cases, the dermatophytes can penetrate the skin, invade the dermis and draining lymph nodes, and disseminate within the body, in a condition known as invasive (or deep) dermatophytosis or dermatophytic disease (Table 4) . Patients with invasive dermatophytic disease can live for decades, well into their 70s, with no other notable infections. From 1957 onward, this condition was shown to segregate as an autosomal recessive trait, often in kindreds from North Africa (78, 79) . We identified the genetic lesion underlying this striking example of Mendelian infection. All patients tested carried biallelic mutations of the gene encoding caspase recruitment domain family member 9 (CARD9) (80) . Deficiency of this intracellular molecule had previously been identified in a large kindred with invasive and peripheral candidiasis (81) . These studies led to the determination of the genetic basis of other invasive fungal infections. Thus it has become apparent that CARD9 deficiency manifests as invasive fungal disease in children, adolescents, and adults. Many different fungi can be involved, including dermatophytes, Candida, Phialophora, and Exophialia (82, 83). The central nervous system often is affected. However, each patient (and typically each kindred) suffers from a single type of invasive fungal disease. This condition is another example of complete penetrance with variable expressivity. The molecular and cellular mechanisms underlying the specificity of the phenotype in the patient are unknown. The broader question of the molecular and cellular basis of predisposition to invasive fungal disease in CARD9-deficient patients also remains unresolved. CARD9 may be a critical component acting downstream of the surface receptors for these fungi on myeloid cells. These studies showed that an isolated, invasive fungal disease in a previously healthy child, adolescent, or even an adult can have strict Mendelian determinism in humans. The importance of the chronology of the history of these inborn errors of complement is explained in the text. The salient point is that these inborn errors were not discovered by testing the hypothesis that invasive Neisseria infections could be inherited as Mendelian traits. As shown in this table, they were discovered serendipitously, even sometimes in individuals without Neisseria infection. F, familial; Healthy, healthy individual; S, sporadic; SLE, systemic lupus erythematosus.
Toward (Table 6) . Surprisingly, our studies of MSMD revealed that not all genetic etiologies were fully penetrant for the case-definition phenotype of MSMD. IL-12Rβ1 deficiency is a case in point (84, 85) . Only about half the genetically affected siblings of MSMD index cases also had MSMD. In addition to incomplete penetrance, MSMD patients with IL-12Rβ1 deficiency had variable expressivity: They displayed bacillus Calmette-Guérin disease (in only a fraction of vaccinated patients) or environmental mycobacteriosis (typically in individuals not vaccinated with bacillus Calmette-Guérin), but not both, implying that live bacillus Calmette-Guérin vaccination protected against mycobacteriosis. These observations raise fundamental questions about the mechanisms underlying incomplete penetrance and variable expressivity that have yet to be answered. In this context, we serendipitously discovered the first cases (to our knowledge) of monogenic tuberculosis, in patients and even in families with IL-12Rβ1 deficiency manifesting solely as severe tuberculosis (86) (87) (88) (89) (90) (91) . These patients were normally resistant to live bacillus Calmette-Guérin vaccine and environmental mycobacteria. However, IL-12Rβ1 deficiency rendered them vulnerable to the more virulent Mycobacterium tuberculosis. Perhaps not coincidentally, these reports were the ones we had the most difficulty publishing: It turned out to be much more difficult to report genetic etiologies of tuberculosis than of MSMD. Perhaps the community was not ready to accept the idea that severe tuberculosis could be monogenic, or monogenic tuberculosis might have been seen purely as an exception of little interest. I still find our identification of truly monogenic cases of tuberculosis one of the most encouraging pieces of evidence we have obtained to date in support of a human genetic theory of primary infectious diseases. We hypothesize that severe forms of tuberculosis are governed by high levels of genetic heterogeneity that are likely to be deciphered only with specific study designs (15, 86, 92) . The study of tuberculosis led us to consider in greater depth the possibility that severe primary infections may be determined by non-Mendelian monogenic inborn errors of immunity, singlegene lesions with incomplete penetrance. Indeed, the incomplete penetrance of single-gene lesions conferring susceptibility to infection would account for the great majority of infectious diseases not appearing to be Mendelian traits.
Invasive Pneumococcal Disease
We assessed the broader significance of these encouraging results by studying children with sporadic infections or with infections that had not been described as displaying Mendelian segregation or that had been reported to display such segregation only anecdotally (Table 6 ). These children therefore were not thought to carry single-gene inborn errors of immunity. We studied children with invasive pneumococcal disease (IPD), hoping to identify the equivalent of the complement disorders that selectively underlie invasive meningococcal disease. Pneumococcus is a well-known commensal of the nasopharynx, present in almost all children. It commonly causes otitis media and, more rarely, lobar pneumonia. It is also known to cause IPD in patients with various inherited or acquired immunodeficiencies, particularly those with impaired complement-and Ab-mediated opsonization and destruction by splenic macrophages (93) . We began our search by focusing on a rare syndromic primary immunodeficiency known as anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID) (94) . Patients with this condition have dysmorphic features and suffer from various infections, including IPD and, less commonly, mycobacterial disease. EDA-ID and congenital asplenia are the known primary immunodeficiencies conferring the highest risk of IPD, much greater, for example, than that conferred by agammaglobulinemia or complement defects. We and others discovered that boys with X-linked recessive EDA-ID carried hypomorphic mutations of NF-κB essential modulator (NEMO) that impaired NF-κB responses (95, 96) . Heterozygous gain-of-function mutations of the gene encoding the inhibitor IκBα were soon discovered in patients with an autosomal dominant form of EDA-ID (97) . By spotlighting NF-κB immunity, these studies paved the way for investigations of children with IPD but without EDA. We found mutations of the genes encoding IL-1R-associated kinase-4 (IRAK-4) and myeloid differentiation primary response gene 88 (MyD88), controlling the canonical Toll-like receptor (TLR) and IL-1R signaling pathways, in children with IPD displaying little clinical and biological inflammation (98, 99) . These children are otherwise healthy, although they also are vulnerable to invasive staphylococcal disease (100-103). However, it remains unclear which TLR and IL-1R pathways are defective and specifically underlie IPD or staphylococcal disease. Another interesting aspect of these conditions is that they improve with age. The penetrance of IRAK4 and MyD88 deficiencies for IPD appears to be high by the age of 10 y (almost Mendelian), although some children suffer only from staphylococcal disease, but IPD recurrence subsequently decreases markedly from adolescence onward (typically non-Mendelian). As a result, the mortality of these two genetic disorders decreases with age, contrary to observations for almost all previously described inborn errors of immunity. It is plausible that acquired immunity to pneumococcus gradually compensates for the inborn defects. Studies of cohorts of children with IPD are required to identify new genetic etiologies and to estimate the proportion of children with monogenic inborn errors, which may be Mendelian in rare cases or, more commonly, non-Mendelian (104).
Miscellaneous Endeavors
Rare children with IPD are born without a spleen, a condition known as isolated congenital asplenia (here referred to simply as "asplenia"). The risk of IPD seems to be as high in children with asplenia as it is in children with EDA-ID (105). We found that asplenia was caused by haploinsufficiency at the RPSA locus, which encodes ribosomal protein SA (106) . This finding was surprising, because mutations of genes encoding many other ribosomal proteins underlie Blackfan-Diamond anemia, a multiorgan developmental disorder that does not affect the spleen. These observations suggested a role for the translational regulation of gene expression by ribosomes. Inspired by the study of EV, we also studied childhood Kaposi sarcoma, which is driven by human herpes virus 8. This endothelial cell cancer is rare in children without HIV infection or immunosuppression. The classic form, in patients from the Mediterranean basin, is even rarer than the endemic form in sub-Saharan Africa. We discovered the first (to our knowledge) primary immunodeficiencies underlying Kaposi sarcoma in children with other infectious and tumoral phenotypes. We then determined the genetic basis of rare cases of isolated, classic KS in childhood: mutations of the stromal interaction molecule 1 (STIM1) and OX40 genes (107, 108) . These studies, which we are currently pursuing, served as a platform for a much more difficult and innovative study, that of herpes simplex virus encephalitis (HSE). Indeed, the infections described above-tuberculosis, IPD, and Kaposi sarcoma-were all known to be potentially opportunistic, because they were seen more frequently in patients with known inherited or acquired immunodeficiency (e.g., AIDS). Etienne Pays and colleagues made a similar observation in their elegant studies of trypanosomiasis. They found that a patient suffered from clinical disease caused by poorly virulent Trypanosoma evansi because of autosomal recessive apolipoprotein L-I (APOL1) deficiency (109) . APOL1 is also necessary, but not sufficient, for host defense against more virulent species of trypanosome (Trypanosoma brucei) (110) . We therefore needed to study an infection not known to be Mendelian, or even genetic in general (i.e., purely sporadic and not familial), and not considered to be opportunistic.
HSE: A Model Disease
We selected childhood HSE for study because there was no evidence to suggest that it had a genetic basis, only an intuition, and-the strongest clue-the lack of an alternative plausible hypothesis (Table 6 ). HSE is the most common sporadic viral encephalitis in the Western world. This life-threatening disease strikes otherwise healthy children once (recurrence is rare) in the course of primary infection with the herpes simplex virus, which is ubiquitous and typically innocuous (111) . The arguments against a genetic hypothesis and against a monogenic hypothesis in particular included the sporadic nature of the disease, with only four multiplex families having been reported since its first description in 1941 (112) . Moreover, none of the known primary immunodeficiencies, including severe combined immunodeficiency, and none of the known acquired immunodeficiencies of childhood, including AIDS, had been identified as risk factors. Finally, this infection is strictly limited to the central nervous system, at odds with the disseminated infections commonly seen in the context of immunodeficiency. We felt that there could be no better infection on which to test our non-Mendelian monogenic model. One observation guided the entire project in the right direction: We found that 12% of French children with HSE were born to consanguineous parents (112) . This finding was surprising, because all cases in this 20-y nationwide epidemiological study were considered to be sporadic. Indeed, there was not a single multiplex family. This simple clinical survey therefore suggested that HSE probably is caused by monogenic inborn errors, including autosomal recessive traits, albeit generally with incomplete clinical penetrance, resulting in a non-Mendelian pattern of inheritance.
HSE: A Genetic Disease
We thus searched for HSE-causing genes. Two children with a unique phenotype of HSE and mycobacterial disease were referred to us serendipitously. These two children remain the only children with this phenotype that I have come across. These children played a key role in subsequent studies, because their mycobacterial susceptibility phenotype enabled us to identify their genetic lesions, based on our previous studies of MSMD. They were found to have particular mutations of the genes encoding STAT1 (homozygous and loss of function) and NEMO (hypomorphic by reinitiation of translation) (113, 114) not previously seen in children who had MSMD but did not have HSE. STAT1 mutations underlying MSMD are heterozygous and affect IFN-γ but not IFN-α/β responses (23), whereas hemizygous NEMO mutations underlying MSMD selectively affect the production of IL-12 and IFN-γ (115). This finding led us to hypothesize that HSE in otherwise healthy children might be caused by inborn errors of antiviral IFN-α/β immunity. We analyzed genome-wide linkage data and both blood and fibroblastic responses to herpes simplex virus and various viral intermediates in children with isolated HSE from this IFN-α/β-based angle, and we discovered mutations affecting five genes governing the TLR3-mediated IFN-α/β pathway (116) (117) (118) (119) (120) (121) . Another group recently identified a mutation in a sixth gene (122) . TLR3 can recognize viral dsRNA intermediates. With the aid of induced pluripotent stem cell (iPSC) technology, we and our colleagues Lorenz Studer and Luigi Notarangelo demonstrated that the mutations in these patients impaired intrinsic antiviral immunity in neurons and oligodendrocytes, accounting for the brain-tropic nature of HSE (123) . The central nervous system-restricted nature of HSE is explained by the TLR3-independence of most other cell types, including leukocytes and keratinocytes, tested for responses to dsRNAs (117, 121) . The lack of herpes labialis in HSE patients may reflect the presence of higher levels of herpes simplex virus-specific T cells around the trigeminal ganglia and in the blood, a hypothesis that we are currently testing. Of course, these findings have opened up further questions: What is the clinical penetrance of these genetic lesions? What governs incomplete penetrance? What proportion of cases is caused by variants of the TLR3-IFN-α/β pathway? Are there other types of HSE-causing genetic lesions? Overall, these studies provided proof of principle that an isolated, common, organ-specific, life-threatening infection of childhood can result from single-gene inborn errors of immunity not displaying full penetrance.
Influenza as Another Genetic Disease
Although HSE is not very rare, striking about 1 child in 10,000, it is largely unknown outside the patients' families and the medical community. Could severe infections of childhood that are not necessarily more common but are better known to the lay public also be caused by single-gene inborn errors of immunity? Could other organ-specific infections be genetically determined? We decided to tackle some emblematic fulminant viral infections, such as viral hepatitis, viral myocarditis, and pulmonary influenza. Influenza provides a particularly interesting historical example (Table 6 ). Through 80 y of superb research on influenza viruses, we have learned much about the pathogenicity of these viruses in cells in vitro, in animal models in vivo, and in humans in natura, as well as the epidemiological course of seasonal and pandemic infections (124) (125) (126) . However, we still know little about the determinism of life-threatening influenza, which occurs in only a minority of infected individuals in the course of epidemic or pandemic influenza (127) . The best-known risk factors are preexisting pulmonary conditions. In this context, we recently discovered the first (to our knowledge) genetic etiology of acute respiratory distress syndrome in a previously healthy child infected for the first time with the influenza virus. This patient, one of only four children with life-threatening influenza during primary infection (i.e., without detectable serum antibodies against any influenza virus) enrolled in our whole-exome sequencing program, carried two loss-of-function mutations of the gene encoding IFN regulatory factor 7 (IRF7), a transcription factor required for the amplification of antiviral IFN-α/β (128) . We showed that IRF7 was indeed the gene responsible for influenza in this child, because the patient's leukocytes failed The typically sporadic nature of these infectious diseases prevented them from being clinically considered as Mendelian, as monogenic traits, or even as genetic disorders in the first place. However, they have been shown, in a growing number of patients, to be caused by monogenic lesions of various degrees of penetrance (from low to high penetrance) and expressivity (manifesting as one or another infectious disease). The relative risk conferred by these lesions is sufficiently high for them to be considered monogenic. For single-patient studies (APOL1, OX40, IRF7), the observed penetrance was complete, and the identification of new patients will determine whether these disorders are Mendelian. I do not list as causal genes those genes that first might be identified as defective for any of these infections but that sooner or later would be associated with other infections [e.g., STIM1 deficiency in Kaposi sarcoma (106) ]. These monogenic infections typically strike otherwise healthy patients. They are listed according to the date of identification of the first gene mutations.
to produce IFNs other than IFN-β in response to influenza virus. The only cells that normally express IRF7 constitutively, plasmacytoid dendritic cells, displayed a complete functional deficiency of this protein. Moreover, the patient's fibroblasts and iPSC-derived pulmonary epithelial cells also produced only small amounts of the various types of IFN, resulting in enhanced viral replication. This study raises multiple questions, including the proportion of genetic cases among children with severe influenza and the nature of the cells responsible for influenza in patients with IRF7 deficiency (126) . We currently are testing the hypothesis that other children with severe influenza carry mutations impairing antiviral immunity. The identification of new mutations should help to address these questions.
Severe Infections as Inborn Errors: Clinical Implications
The discovery of single-gene inborn errors of immunity in children with tuberculosis, IPD, HSE, or pulmonary influenza is important from a clinical perspective. These findings provide proof of principle for a monogenic (but not Mendelian) theory of life-threatening primary infectious diseases, including infections not previously thought to be opportunistic (Fig. 1) . These rare alleles act in a monogenic manner that is rarely Mendelian (i.e., monogenic with complete penetrance). Indeed, incomplete penetrance seems to be the general rule, with the exception of the Mendelian infections discussed above (Tables 2-5 ). If more, most, or all human infections were Mendelian, their genetic basis would have been suspected a century ago (phenotype) and discovered 20 y ago (genotype). Incomplete penetrance goes hand-inhand with genetic heterogeneity, because it allows hypomorphs and hypermorphs of genes for which null alleles would be lethal even in the absence of infection to govern infectious diseases in at least some patients. There actually seems to be considerable genetic heterogeneity, which is not surprising because there are many cell layers between the invading microbe and a fatal outcome in the host, and, of course, there are many molecular pathways, each depending on many genes. The genetic dissection of infectious diseases therefore will progress slowly, almost patient by patient (129) . However, there also seems to be some physiological homogeneity because, for each infection, the products of the disease-causing genes appear to be related. The implications, in terms of diagnosis, genetic counseling, and prognosis, merit more detailed consideration. These studies also explain the pathogenesis of infections in other settings (as discussed for IFN-γ and IL-17A/F) and pave the way for the prevention or treatment of acute infections with cytokines, such as IFN-α/β or IFN-γ, in addition to small antiinfectious compounds. Moreover, as we develop treatments for genetic diseases, they should also have an impact on infectious diseases that have a genetic basis, just as CRISPR can prevent viral infections in bacteria. That said, we currently have a genetic and immunological understanding of only a minute proportion of severe childhood infections in a minute proportion of sick children. Admittedly, the field of human genetics of infectious diseases is still in its infancy. Beyond pediatric infections, these findings also pose questions relevant to internal medicine, as we have seen for fungal infections. Primary infections can occur in adults, or their incubation period can be particularly long.
Immunological Implications
We also should consider the immunological implications of these genetic studies, which can be seen as a fortunate by-product. These studies have demonstrated that intrinsic immunity in nonhematopoietic cells can be life-saving, as exemplified for HSE and perhaps for pulmonary influenza or EV. Other studies, dealing with molecules as diverse as IFN-γ, IL-17, TLRs, and IL-1R, also have turned up a number of immunological surprises, in particular revealing a much greater degree of redundancy in outbred humans in natural conditions of infection than in inbred mice in experimental conditions of infection (130) (131) (132) . The specificity of the infectious phenotypes seen with each inborn error actually results from its redundancy in protective immunity against other infectious agents. There are profound differences between immunity in natural conditions and immunity in experimental conditions, in terms of the pathogen, the route and dose of infection, the host, and the manifestations of infection (130) (131) (132) . Influenza in a child living in a small French town (128) has little in common with the injection of influenza virus (which is not rodent-tropic) into an inbred B6 mouse lacking functional myxovirus resistance 1 (Mx1), the key gene product conferring resistance to orthomyxoviruses in rodents (126) . The real surprise is the robustness of the infectious phenotypes in mice. The human phenotypes are mostly replicated in mice, but the converse is not true, because of the much greater redundancy of the mechanisms at work in natura. For this reason we have never claimed any general infectious specificity for a monogenic lesion or pathway. Specificity is unlikely to be absolute across all the individuals of a given species, in light of population thinking and chemical individuality. It is enough for specificity to be observed in a given patient, and perhaps then in another, and another. It can be predicted from genetic heterogeneity and incomplete penetrance that several infections may be specific in individual patients but allelic at the population level. This individual specificity is neatly illustrated by the impact of inherited IL-12Rβ1 and CARD9 deficiencies, which display variable expressivity, each patient typically suffering from only one type of mycobacterial or fungal disease.
A Genetic Theory of Infectious Diseases: Challenges Ahead
It remains perplexing that, in plants, the monogenic inheritance of specific infectious diseases was documented as early as 1905, proposed as a general model in 1942, and documented as a paradigm at the molecular level from 1993 onward, but this notion has failed to gain a firm foothold in human medicine more than a century later (Table 2 ). This lack of acceptance attests to the strength of the paradigm positing a fundamental dichotomy between disease transmission by heredity and by infection (133 diseases has moved forward recently with the discovery that a number of severe infections of childhood result from inborn errors of immunity. Only a tiny proportion of cases and infections are currently understood genetically. Gargantuan efforts, on a par with those used in microbiology in the late 19th century, are required to test this model rigorously and at a larger scale. In all probability, not all primary infectious diseases will be found to be genetic traits. A much smaller proportion of infectious diseases are likely to be found to be genetic in adults, particularly elderly adults, in the course of secondary infection or reactivation. Indeed, adaptive immunity blurs and buffers the impact of the germline, which controls both cell-intrinsic (autonomous) and cell-extrinsic (innate) immunity. This evolutionary raison d'être of adaptive immunity explains its dependence on so few genes, germline mutations of which underlie B-and/or T-cell deficiencies with a broad and lethal infectious phenotype. Consistently, a recent twin study showed that adaptive immunity parameters diverge much more rapidly with age than do other hematological parameters in identical twins (134, 135) . The somatic (as opposed to germline) failure of adaptive responses, whether genetic or epigenetic, may account for a proportion of primary infections. Somatic variation may make an even greater contribution to the genetic architecture of infections during secondary infection or reactivation, particularly in the elderly population.
Concluding Remarks: A Testable Model
We can propose the following tentative and testable model for the human genetic architecture of infectious diseases in the course of primary infection (Fig. 1) . Emerging or reemerging infectious agents that can kill a large proportion of infected individuals gradually select for human resistance alleles, which spread and become common alleles through natural selection. They can act in a monogenic or polygenic model, as illustrated by the spread of mutant resistance alleles in areas in which P. vivax and Plasmodium falciparum malaria, respectively, are endemic. When infections threaten a smaller proportion of infected individuals (e.g., HSE or invasive fungal disease), genetically determined death is more likely to be the result of rare mutant alleles that may be of variable expressivity, with a penetrance that is not necessarily complete. The nature of the rare genetic lesions may depend on the more common variants modifying the proportion of cases among infected individuals. This non-Mendelian monogenic determinism of primary infectious diseases, polygenic in its own way, is plausible and testable. The proportion of cases following this form of genetic determinism is likely to decrease with age, both in diseases in which genetics plays only a partial role and in diseases that are purely genetic. For secondary infections and infections in aging individuals, the proportion of genetic cases is likely to be smaller and the proportion of monogenic cases even smaller. This model also may turn out to apply to various noninfectious immunological phenotypes (129, (136) (137) (138) (139) (140) (141) (142) . It is tempting to speculate that the death of children, adolescents, and young adults may be monogenic as a rule, or at least caused by a single, rare genetic event, even for cancer and infection, the standard examples of somatic and environmental diseases, respectively. This model of rare monogenic lesions underlying heritable phenotypes with incomplete penetrance or variable expressivity may be valid in diverse related areas, such as infection, allergy, autoimmunity, autoinflammation, and certain cancers.
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